An ideal hydroisomerisation reaction is expected to take place over a bifunctional catalyst, in which a balance between the number of metal sites and acid sites might lead to an optimal performance. In order to assess this relationship and the implications for n-heptane hydroisomerisation, various loadings of molybdenum oxide (1-10 wt%) were impregnated on zirconia with a view to producing samples with a range of acid and metal-like properties. The nature and amounts of the acid sites were determined using quantitative FTIR of pyridine adsorption, while the metal-like properties were determined using CO chemisorption. It was observed that zirconia alone contained only Lewis acid sites (1440 cm −1 ), while addition of MoO 3 generated Brønsted acidity (1536 cm −1 ). The ratio of Brønsted to Lewis acid sites increased with loadings. Similarly, the amounts of CO taken up by the samples increased with MoO 3 loadings; hence, the addition of MoO 3 resulted in an improved metal like behaviour. The ratio of Brønsted acid to metal-like sites were found to range between 0.009 and 1.180 on going from 1 to 10 wt% MoO 3 . The materials were used for n-heptane hydroconversion. The sample with the highest amount of Brønsted acid site, which also consumed the highest amount of CO showed the highest activity. Hence, it could be concluded that the addition of MoO 3 improves the Brønsted acid to metal-like site ratio, which resulted in a pronounced improvement in the activity of the samples.
Introduction
Solid acid catalysts play a crucial role in the petrochemical industry, where they have largely replaced traditional (liquid) acids, which are active in the liquid phase for hydrocarbon transformations [1] . Common examples of solid acid catalysts of importance in refineries include; zeolites [2] , Lewis acid [3] , heteropoly acid [2, 4] , transition metal carbides [5] [6] [7] [8] [9] and zirconia [1, [10] [11] [12] . Of recent, there have been renewed interest in the reactivity and chemistry of zirconia based catalyst because of its thermal stability, mechanical properties and its basic, acidic, reducing and oxidizing surfaces [13] . Zirconia is an active catalyst on its own for methanol and hydrocarbon synthesis [2, 14, 15] . However, zirconia performed better when modified with anions such as sulfate, borate, and phosphate and the modified zirconia has been reported to be highly acidic [16] [17] [18] [19] [20] [21] . Sulfated zirconia (SZ) had been reported to catalyse isomerisation reactions at low temperature, especially isomerisation of n-butane at < 400 K, which requires highly acidic catalysts [17, 19, 20] . Mo has similar effects to sulfate, tungstate and phosphate ions, in modifying the physicochemical properties of unpromoted zirconia [22] . Furthermore, molybdenum or molybdenum oxide over zirconia (MZ) is advantageous compared to SZ, because the catalyst contains no sulfate ions, which can poison the metal sites [2] , and can form sulfuric acid at high temperature if there is water in the reaction medium leading to the downstream contamination [23] . However, the acidity-activity relationship has not been well studied for MZ. Furthermore, sulfation alone has been adjudged to have little effect on performance [12] . Triwahynono et al. [24] conducted research on n-C 5 -C 7 alkane hydroisomerisation over MoO 3 -ZrO 2 and Pt/MoO 3 -ZrO 2 catalysts and concluded that the catalytic activity of Pt/MoO 3 -ZrO 2 was inferior to that of MoO 3 -ZrO 2 . Brown et al. [12] prepared a series of zirconia-supported molybdenum oxide catalysts with different molybdenum loadings to generate superacidity and observed a marked dependence of Mo content on activity. Reddy et al. [23] , recommended further studies to determine the exact nature of the acid sites present on molybdenum zirconia and other oxides. Ruslan et al. [25] concluded that introduction of MoO 3 on ZrO 2 partially eliminated the absorbance band at 1605 cm −1 ascribed to Lewis acid sites corresponding to the presence of the monoclinic phase of ZrO 2 and developed several Bronsted and Lewis acid sites with different acidic strengths. MoO 3 -ZrO 2 possesses a large number of relatively weak Lewis and Bronsted acid sites as well as strong acid sites. The Mo content and molybdenum oxo species are among the major factors that affects the catalytic activity of Mo/ ZrO 2 for n-heptane isomerisation [22] . The isomerisation activity depends on the presence of amorphous Mo species on the tetragonal ZrO 2 surface [22] . Despite the number of works on Mo/ZrO 2 there are dearth of information on the relationship of Brønsted acid to metal-like ratio on conversion. Hence this work will cover area such as quantification of acid sites of different loading of Mo on ZrO 2 and correlating the Brønsted acid to metal-like ratio on conversion.
Materials and Methods

Catalyst Preparation
1.84 g of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O calculated based on Mo content was weighed and dissolved in type 1 water (ultrapure deionise water) by stirring with a magnetic stirrer before the addition of 9.0 g of zirconia (stabilised with SiO 2 ) previously calcined at 773 K for 2 h. It was stirred until all the water had been evaporated (or slurry of the material had been formed). The temperature was regulated and was not allowed to exceed 353 K, and then the sample was dried in an oven at temperature of 383 K. The sample was weighed and calcined for 3 h at 823 K in air flow of 50 mL min −1 , after which the sample was allowed to cool to room temperature and stored in a pre-cleaned sample bottle under laboratory conditions and labelled as 10 MZ. Other catalytic formulations were prepared using the same approach, but by varying the amounts of Mo and zirconia to the require contents. The catalysts were labelled as 5 MZ for 5 wt% MoO 3 /ZrO 2 ; 2 MZ for 2 wt% MoO 3 /ZrO 2 and 1 MZ for 1 wt% MoO 3 /ZrO 2 .
Catalyst Characterisation
The Mo loading was determined using an Agilent 4100 microwave plasma-Atomic emission spectrometer (MIP-AES) after acid digestion in a HCl/HNO 3 mixture (the Mo loading was 0.98. 2.01, 4.99 and 10.01 for 1 MZ, 2 MZ, 5 MZ and 10 MZ, respectively). Surface area and porosity was determined using a Micromeritics Tristar instrument after sample pre-treatment in a N 2 flow at 473 K for 4 h. X-ray diffraction patterns were recorded on PANalytical X'Pert Pro diffractometer, employing Cu Kα monochromatic radiation. Patterns were collected at room temperature with steps of 0.02° in a range of 20°-80°. The phases were identified with the aid of high score software. Raman spectra were recorded using a Renishaw spectrometer equipped with invia Raman microscope RE 02. 514 nm laser was employed as the exciting source and the measuring parameters were set as follow; accumulation 5, exposure time 10 s and laser power between 50%.
Temperature programmed reduction (TPR) was carried out using a TPDRO 1100 (CE Instruments). Sample was exposed to a gaseous atmosphere composed of 5% H 2 / N 2 at 20 mL min −1 and heated from 313 to 1273 K at 10 K min −1 then holding this temperature for 40 min. The amount of hydrogen consumed was determined relative to a copper oxide standard. The Langmuir constant and CO chemisorption capacity was determined using a Micromeritics ASAP 2020-C instrument following volumetric estimation of CO uptake as a function of pressure. Pyridine adsorption studies were performed in order to quantify the amounts of Brønsted and Lewis acid sites of all the samples and to specify their strengths. To ensure total coverage of all the acid sites, pyridine adsorption was carried out at ca. 294 K, after sample pre-treatments. Following the recording of a spectrum in the presence of pyridine at room temperature, the samples were subsequently evacuated at 323, 373, 423, 523, 623 and 723 K. The densities of Brønsted and Lewis acid sites were estimated from the integrated absorbance at ca. 1536 and 1439 cm −1 . The infrared spectra of the sample were collected using a diffuse reflectance infrared spectrometer cell (Drifts, Perkin Elmer, Spectrum 100) with mercury-cadmium-telluride (MCT) detector at a liquid nitrogen temperature (77 K). The spectra were recorded in the region of 4000-400 cm 
Catalytic Procedure
Conversion of heptane was carried out with a quartz reactor (1.0 cm internal diameter, 29 cm long) at atmospheric pressure in the presence of hydrogen (0.68 mL min −1 ). In separate experiments, the effect of space velocity (WHSV) was varied between 0.029 and 0.068 h −1 . Reaction temperature was also varied independently between 423 and 823 K. The eluent stream was sampled automatically using an electrically activated ten-port multi-loop VICI Valco sampling valve and samples analysed using a Perkin-Elmer 8410 GC fitted with a 5.6 m long 15% squalene on chromosorb WHP column and FID detector. The conversion (X) was calculated as follow:
where, X i is the initial amount (µmol) of heptane before reaction, and X f is the amount of heptane remaining after reaction.
Results and Discussion
Nitrogen Adsorption-Desorption Studies
The N 2 adsorption-desorption isotherms and pore size distribution for xMoO 3 /ZrO 2 , (where x = 1, 2, 5 and 10) are plotted in Figs. 1 and 2, respectively. The isotherms are type IV. The pore size distribution clearly shows that the materials are predominantly mesoporous material with the majority of points falling between 2 and 50 nm, and few points in the range of micropores and macropores. The derived results from N 2 adsorption-desorption studies are given in 
a loss of surface area, but addition of MoO 3 increased the surface areas of the materials, and this increased from 127 to 161 m 2 g −1 (1-5 MZ), then decreased slightly at higher loadings (10 MZ). The initial increase may be due to the strong interaction between MoO 3 and the support, which inhibits sintering and stabilizes the tetragonal phase of zirconia. Chen et al. [26] also observed increased surface areas with increasing MoO 3 loading up to 20 wt%, and then observed that the surface area decreased at higher loadings. The slight decrease might be due to formation of a crystalline phase of MoO 3 that partially blocks up the pores of the support [22] . High loading of acid enhancer leads to instability of tetragonal zirconia, thus lead to sintering of the materials, which is accompanied by decrease in the surface area [27] . No pronounced difference as the loading of MoO 3 increased was observed in the pore volume and size of the materials. Surface density of MoO 3 on the support is directly proportional to the surface area. The polymolybdate saturation capacity on several metal oxide supports has been reported to be 5 nm 2 approx [28] . Therefore, the maximum loading employed here is below capacity level (Table 1) . 
XRD
The XRD patterns of xMoO 3 /ZrO 2 are shown in Fig. 3 . The diffraction patterns for all samples show features characteristic of the tetragonal phase of ZrO 2 with peaks at 2θ = 30.2°, 35.1°, 50.1°, 60.28°, and 62.6° [29] . EI-Sharkawy et al. [27] reported that there is critical crystalline size of zirconia below which tetragonal phase is stabilized. Brown et al. [12] and others [22] inferred that the presence of molybdenum in zirconia stabilises its tetragonal phases. No other phases of zirconia were observed in the diffraction pattern, because the calcination temperature and time are the optimum conditions for calcination of zirconia to obtain tetragonal phases [30] . In addition, no phase corresponding to MoO 3 or spinel was detected. This may be due to the presence of MoO 3 in amorphous phase or because MoO 3 is present in the range that is too low for detection by XRD [27] . Figure 4 shows Raman spectra of all samples. [12, 31, 32] . The intensity of these two vibrational modes increased with Mo loading. This confirmed that MoO 3 species were deposited on the support and that the amount deposited increased with its loadings.
Raman Spectroscopy
Pyridine Adsorption Studies
The absorbance band after pyridine adsorption shows both physisorbed and chemical bonded pyridine, which gives an estimation of total acidity. Band intensity on samples treated below 423 K is indicative of total acidity while intensity remaining after evacuation above 423 K is a measure of strong acidity [33, 34] . The term total acidity should not be confused with total acid sites, as the sum of Brønsted and Lewis acid sites are called total acid sites. Typical Brøn-sted acid sites were observed in the samples, suggesting that pyridine was adsorbed in the form of pyridinium ion at 1635, 1576 and 1536 cm −1 , whereas bands suggesting strong Lewis electron pair acceptors sites were observed at 1601 and 1439 cm −1 in the samples [35, 36] (Fig. 5) . The ratio of Lewis to Brønsted acid sites after evacuation at 423 K were 467, 91, 5, and 0.9 for 1 MZ, 2 MZ, 5 MZ and 10 MZ, respectively. Generally, bulk structures of oxides are best described by assuming that they are made up of positive metal ions (cations) and negative O ions (anions). Cations at the surface possess Lewis acidity (i.e. electron acceptors) [37] . The oxygen ions behave as proton acceptors and are thus Brønsted bases. The absorbance at 1488 cm −1 contains contributions from pyridine adsorbed at Brønsted and Lewis acid sites. The intensity of the band due to adsorption at Brønsted acid sites at ca. 1536 cm −1 increased with MoO 3 loading. This intensity was not very substantial for 1 and 2 wt% MoO 3 , but became very obvious for samples of both 5 and 10 wt% MoO 3 (Fig. 5) . This observation suggests that MoO 3 induces Brønsted acidity on zirconia. The intensities of bands due to both the pyridinium ion and coordinatively bonded pyridine were reduced with subsequent evacuation at increased temperature (Table 2 ). It is notable that the materials retain adsorbate even after evacuation at 623 K.
The amounts of pyridine retained at Lewis acid site following outgassing below 373 K included contributions from physisorbed pyridine, hence, the significant variation in the quantity of Lewis acid sites for samples 1 and 2 wt% MoO 3 . The amount of pyridine retained by Lewis acid sites after evacuation at 373 K for 1-5 wt% MoO 3 were very similar, but different for that of 10 wt%. In contrary, the number of Brønsted acid sites increased with loadings. It could be concluded that the strength of Brønsted acid site increased till 523 K, after which the Lewis acid site dominates.
CO Chemisorption Studies
The CO isotherms on the materials are shown in Fig. 6 . All isotherms reach maxima at an equilibrium pressure of ca 200 mmHg. The monolayer volume of CO adsorbed on samples with 1-5 wt% did not show any significant differences, however, the uptake CO on 10 wt% was nearly double that of the others. The large difference between 10 wt% loading and others might be related to the significantly greater amount of molybdenum oxide loaded. The maximum uptakes for all samples and Langmuir constant are given in Table 3 . The Langmuir constant increase as a function of the CO uptake. As the Mo loading increase; the extent of interaction between the molybdenum species and the support is reduced. The ratios of Brønsted acid to metal-like sites were 0.009, 0.055, 0.579 and 1.180 for 1, 2 5 and 10 MZ, respectively. Hence, a significant difference would be expected in the catalytic activities of these materials. 
TPR
The reduction profiles for all samples are shown in Fig. 7 . Zirconia did not show any reduction peaks, which mean that this material is difficult to reduce and that any subsequent reduction peaks in other samples, are related to molybdenum species. This observation has been previously reported [31] . However, Eder and Kramer [38] have reported zirconia to reduce from + 4 to + 3 oxidation state in presence of dry H 2 . The reduction peaks shifted to lower temperature as the Mo loadings increase (the first peak are 727, 717, 685 for 2 MZ, 5 MZ and 10 MZ, respectively). This is due to the extent of interaction with the support and the ease at which higher loadings are reduced compared to lower loadings. The reduction peak at around 773 K can be assigned to reduction of MoO 3 to Mo 4 O 11 and below 973 K to reduction of Mo 4 O 11 to MoO 2 and above 1073 K to MoO 2 to Mo [39] . The hydrogen consumption increases with loading (Table 4) as expected [10] . Loading below monolayer coverage had been reported to give purely tetrahedral species, which are difficult to reduce due to strong interaction with the support. This explains why the H 2 :MoO 3 ratio for Mo loadings below 5 wt% in Table 4 are all less than 1. At moderate loadings, both tetrahedral and octahedral species are present, which are easily reducible [31] , while at high loading, octahedral species are dominant. This could possibly explain why some samples (Table 4) show H 2 :MoO 3 ratios are greater than 1. Hence, the higher the MoO 3 loadings, the more reducible it becomes. Figure 8 shows the effect of varying space velocity on the conversion. As expected the conversion decreased with an increase in WHSV (decrease in contact time). Wang et al. [40] concluded that contact time has similar effect as temperature, since an increase in either contact time or temperature will result in an increase in the conversion. Figure 8 also shows the role of molybdenum loadings on the conversion. Higher molybdenum loading delivered increased n-heptane conversion. El-Sharkawy et al. [27] attributed an increase in the conversion of cumene dealkylation and ethylene selectivity to increased surface acidity, which was enhanced by increasing loading of MoO 3 . Other researchers [31] have reported similar observation. The increase in conversion with MoO 3 loadings might suggest that addition of MoO 3 yields more active sites suggesting dispersion is maintained and has not resulted in the formation of bulk MoO 3 crystallite. The metal crystallite size increase with loading, but did not result in bulk MoO 3 . The surface area and pore size increases in relation to Brønsted acid to metal-like ratio, which increased with conversion, however, the surface area and pore size for 10 MZ were lower compared to others, suggesting that not just one factor influences the conversion, but different catalyst properties. Shimizu et al. [41] observed an increase in n-butane isomerisation rates and suggested that this was closely related to the strength of Brønsted acid sites than with the Lewis acid sites. Chica and Corma [15] founds that a linear correlations existed between the number of acid sites and the catalytic activity of the different types of catalytic materials study for n-heptane hydroisomerisation. Therefore, the increase in n-heptane conversion with loadings might be related to the improvement in Brønsted acid site to metal-like ratio of the materials. No significant difference was observed in the product distributions from using different catalysts for n-heptane conversion. This similarity in product distributions might be related to pore volume. Hence, pore volume plays major role in product distributions.
Hydroisomerisation of n-Heptane
Effect of Space Velocity and Time on Stream
Effect of Temperature
Generally, an increase in temperature will result in an increase in the conversion of n-alkanes. This increase in temperature will in most cases at low temperature leads to a concomitant increase in hydroisomerisation products [40, 42, 43] . Hydroisomerisation is expected to follow the conversion up to a maximum, then decrease [40] . Thus, at high temperatures (≥ 723 K), deviations from ideal behaviour will be expected. Figure 9 shows the effect of temperature on the conversion. As anticipated, the n-heptane conversion increased with the increase in temperature. However, the activity of 1 and 2 wt% are similar. This may be a consequence of the close similarity in properties of these two samples. The activity of 10 wt% MoO 3 is higher than others, but did not show such significant difference as might have been expected based on the substantial differences in its properties compare to others (Tables 2, 3 , Fig. 6 ).
Conclusion
The acidic and metal like properties of MoO 3 /ZrO 2 catalysts were tuned by varying different loadings of molybdenum oxide (1-10 wt%) impregnated on zirconia. Calcination of zirconia resulted in a pronounced decrease in surface area, but the loss was compensated by addition of MoO 3 . No phases related to molybdenum species could be detected by XRD, suggesting lack of crystallite form of Mo species and/or existence of strong interactions between the supports and molybdenum oxides, leading to highly dispersed phases. The extent of this interaction was found to decrease as the loadings increased. The presence of molybdenum oxide species in the samples were identified by features due to Mo-O-Mo and Mo=O bonds in Raman spectra. The activity increased as the ratio of Brønsted acid to metal-like sites increased. 10 MZ catalyst with the highest Brønsted acid to metal-like sites ratio gave best hydroconversion of n-heptane. This work brings strong supporting evidence that tuning the properties of the catalysts prepared so far could be achieved by simply varying the loading extent of MoO 3 on zirconia. 
